Background: The potential for necrotizing enterocolitis (NEC) in neonates requiring cardiac surgery has contributed largely to wide feeding practice variations and a hesitation to initiate enteral feeding during the preoperative period, specifically those patients with hypoplastic left heart syndrome. Methods: A retrospective chart review of neonates undergoing cardiac surgery at a single institution between July 2011 and July 2013 was performed. The primary objective of this study was to determine if preoperative feeding was associated with NEC in neonates requiring cardiac surgery. Univariable and multivariable analyses were performed to evaluate the relationship between preoperative feeding and NEC. Secondary outcomes including growth failure, total ventilator days, total length of stay, and tube-assisted feeds at discharge were analyzed. Results: One hundred thirty consecutive neonates who required cardiac surgery were included in the analysis. Preoperative feeding occurred in 61% (n ¼ 79). The overall prevalence of NEC was 9% (12/130), including three neonates with surgical NEC. There was no difference in the prevalence of NEC between the preoperative feeding and nil per os (NPO) groups. Preoperative NPO status was associated with longer ventilator-dependent days (P ¼ .01) but was not associated with worsened growth failure, longer length of stay, or increased prevalence of tube-assisted feeds at discharge. Conclusion: In this study cohort, preoperative feeding was associated with a low prevalence of NEC. Larger prospective studies evaluating the safety and benefits of preoperative feeding in cardiac neonates are warranted.
Introduction
Congenital heart disease (CHD) is a well-described risk factor for necrotizing enterocolitis (NEC). [1] [2] [3] [4] [5] [6] [7] The incidence of NEC in infants with CHD has been reported to be between 3.3% and 6.8%, which is 10-to 100-fold greater risk than that of the late preterm and term newborn population. 3, 5 The potential for NEC in neonates undergoing cardiac surgery has contributed largely to wide feeding practice variations and a hesitation to initiate enteral feeding during the preoperative period, specifically those patients with hypoplastic left heart syndrome (HLHS). [8] [9] [10] [11] The etiology of NEC in infants with CHD is thought to be different from NEC in preterm infants. 3, 7, 12 Mesenteric hypoperfusion is believed to be a possible contributor to NEC in infants with CHD. 3, [12] [13] [14] This is particularly true in patients with cardiac defects at risk for diastolic steal and flow reversal in the abdominal aorta. This diastolic steal phenomena has been described in patients with a large patent ductus arteriosus, ductal-dependent lesions, shunted single-ventricle physiology,
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CHD congenital heart disease HLHS hypoplastic left heart syndrome NEC necrotizing enterocolitis NPO nil per os WAZ weight for age Z score truncus arteriosus, and aortopulmonary window. 1, 2, 5, 6, 15 Additionally, low cardiac output states, possible intrinsic microvascular abnormalities, and compensatory mechanisms such as the ''diving reflex'' contribute to the risks for mesenteric hypoperfusion. 13, 15 Given wide interprovider and institutional practice variation and the paucity of data regarding preoperative feeding in neonates with complex CHD, the objective of this study was to determine if preoperative enteral feeding was associated with NEC in neonates undergoing cardiac surgery.
Patients and Methods
The study design was a retrospective chart review of all neonates ( 31 days of age at admission) admitted to the pediatric cardiac intensive care unit who required cardiac surgery prior to discharge at the Medical University of South Carolina between July 2011 and July 2013. The Medical University of South Carolina's Institutional Review Board approved this study and a waiver of the need for parental consent. Exclusion criteria included infants who required extracorporeal membrane oxygenation support and those infants whose only surgery was either a patent ductus arteriosus ligation or pacemaker implantation. During the study period, institutional practice was to admit newborn infants !35 weeks' gestation with complex structural heart disease directly to the cardiac intensive care unit following delivery or at the time of diagnosis. Newborn infants <35 weeks' gestation were initially admitted to the neonatal intensive care unit and then transferred to the cardiac intensive care unit prior to cardiac surgery.
The primary risk factor was exposure to any amount of enteral feeds during the preoperative period. During the study period, there were institutional pre-and postoperative feeding guidelines (Figures 1 and 2) . However, the decision to feed was ultimately determined by the attending physician on a case-bycase basis. In addition to physical examination and vital signs, splanchnic near infrared spectroscopy, arterial blood gases, and lactate levels were routinely monitored as part of the hemodynamic assessments.
The primary outcome of interest was diagnosis of Modified Bell Stage IIa or higher NEC, either prior to or following cardiac surgery. 16 An association between volume of feeds and NEC was also explored. Previously described risk factors for NEC were included in multivariable analysis. These included single-ventricle physiology, HLHS, structural gastrointestinal abnormality, confirmed genetic abnormality, presence of umbilical artery catheter, need for inotropic support during the preoperative period, ductal dependence for pulmonary circulation, ductal dependence for systemic circulation, and gestational age <37 weeks. [1] [2] [3] 5, 6, 9, 12, 17, 18 Need for inotropic support was defined as the use of milrinone, dopamine, epinephrine, and/or vasopressin for any duration of time during the preoperative period. Secondary outcomes were growth failure, measured by change in weight for age Z score (WAZ) from hospital admission to hospital discharge, total ventilatordependent days, total hospital length of stay, total intensive care unit length of stay, and tube-assisted feeds at discharge.
Statistical Methods
Means were compared on all normally distributed data using independent two-sample t test. Mann-Whitney U test was used to compare medians on all nonparametric data. Cochran Mantel-Haenszel test was used for univariable analysis. Multivariable analysis was performed using a stepwise backward elimination logistic regression model with a removal probability of .3. Statistical analysis was completed with IBM SPSS Statistics for Mac, version 22.0 (SPSS, Inc, Chicago, Illinois). P values <.05 were considered statistically significant.
Results
There were 130 consecutive neonates who required cardiac surgery between July 2011 and July 2013and who met study inclusion and exclusion criteria. In this study cohort, 61% of neonates received enteral feeds (n ¼ 79) during the preoperative period. Among those who received enteral feeds during the preoperative period, 33 neonates received trophic feeds ( 20cc/kg/day), 32 neonates received greater than trophic feeds, and 14 neonates did not have specific volumes recorded in their medical records. Of the 24 patients with HLHS, 54% were fed preoperatively with the majority (82%) fed only trophic volumes.
The prevalence of NEC in the entire cohort was 9% (12/130). There were no significant differences in patient demographics or characteristics between the NEC group and the non-NEC group (Table 1) . There was no difference in the prevalence of NEC between the preoperatively fed and NPO groups (P ¼ .43). Of the patients receiving preoperative feeds, 8% developed NEC (6/79). Of the patients who remained NPO preoperatively, 12% developed NEC (6/51; Figure 3 ). The prevalence of Modified Bell Stage IIIB NEC requiring surgical bowel resection was 2% (n ¼ 3). Of the three patients with surgical NEC, one neonate was fed preoperatively. This patient had a cardiac diagnosis of D-transposition of the great arteries and gestational age <37 weeks. The infant developed NEC in the preoperative period and was the only neonate with NEC who was fed greater than trophic feeds preoperatively.
Among the 12 NEC-affected neonates, 5 had HLHS, 2 had truncus arteriosus, 1 had truncus arteriosus with an interrupted aortic arch, 1 had a right ventricular-dominant atrioventricular septal defect, 1 had interrupted aortic arch, ventricular septal defect, and left ventricular outflow tract obstruction, 1 had D-transposition of the great arteries, and 1 had a complex single ventricle (right ventricular-dominant atrioventricular septal defect, double outlet right ventricle, and pulmonary stenosis). The patient characteristics of the NEC cohort are further described in Table 2 . All but one of the NEC-affected neonates developed NEC postoperatively. The overall hospital mortality in the cohort was 16% (21/130). All neonates with NEC survived to hospital discharge.
In univariable analysis, preoperative enteral feeding was not found to be associated with NEC (odds ratio [OR]: 0.62, CI: 0.19-2.0, P ¼ .43). Additionally, higher volume feeds (>20 cc/ kg/day) was not associated with NEC (OR: 4.04, CI: 0.49-33.3, P ¼ .19). In the multivariable analysis, preoperative enteral feeding was not associated with NEC (P ¼ .38, see Table 3 ). Prematurity was the only variable associated with NEC in the multivariable analysis (P ¼ .03).
Secondary outcomes are reported in Table 4 . Neonates who received enteral feeds in the preoperative period had less ventilator-dependent days compared with neonates who remained NPO preoperatively, five days versus seven days (P ¼ .01). However, there were no differences in hospital length of stay, intensive care unit length of stay, change in WAZ from hospital admission to hospital discharge, or frequency of tube-assisted feeds at discharge.
Comment
In this study cohort of neonates undergoing cardiac surgery, enteral feeding during the preoperative period was not associated with an increased prevalence of NEC. Our study findings are relevant, given the wide practice variation in perioperative feeding practices and possible underfeeding tendencies. [8] [9] [10] [11] Additionally, early postnatal nutrition and growth have been identified as key modifiable risk factors for long-term neurodevelopmental outcomes. 19, 20 While withholding enteral feeding preoperatively may seem like a protective strategy to decrease the risk of NEC, delayed enteral feeding may be incurring more harm than benefit. 21 Neonates who undergo cardiac surgery have altered intestinal permeability extending into postoperative day 14. 22 Drawing from the literature on preterm infants, delayed enteral feeding contributes to cellular atrophy in the gut, pathologically abnormal increases in gut permeability, delayed postnatal intestinal development and maturation, and motility problems. [23] [24] [25] Early enteral feeding may be an important component of optimizing perioperative nutrition practices given its essential role in postnatal intestinal barrier maturation, cellular and mucosal development, and establishment of a healthy intestinal microbiome. [23] [24] [25] [26] [27] Most of the NEC cases in this study cohort (11 of 12 neonates) occurred during the postoperative period. This finding suggests that NEC in this study cohort may be reflective of the postoperative clinical condition when more aggressive enteral feeding was introduced. Additionally, mesenteric perfusion may not be dramatically improved postoperatively despite surgical palliation. Harrison et al 14 compared perfusion parameters of the mesenteric artery in patients with HLHS preoperatively and postoperatively. No change was found in mesenteric perfusion after stage 1 palliation, suggesting that the risk of mesenteric hypoperfusion may not be decreased after surgery in this patient population.
There are limitations to this study. The retrospective study design only allows the determination of associations and not causality. Additionally, retrospective studies are subject to information bias and lack of randomization. Despite institutional feeding guidelines, the decision to feed preoperatively was ultimately determined on a case-by-case basis by the attending physician, which may have contributed to a selection bias in which healthier infants at lower risk for NEC received enteral feeds preoperatively and sicker infants with poor cardiac output remained NPO. Investigation of the association between NEC and type and route of enteral feeding was intended; however due to missing data, this could not be accomplished. Prenatal diagnosis status was also unable to be included in the analysis secondary to missing data. The singlecenter nature of the study limits its external validity and the relatively small sample size increases the risk of a type II error. Finally, while transfusion-associated NEC has been described in the literature, it was not controlled for in multivariable analysis because the majority of the cohort was exposed to blood products during cardiopulmonary bypass. 28 In conclusion, in this cohort of complex neonates, preoperative feeding is associated with a low prevalence of preoperative NEC and does not seem to increase the development of postoperative NEC. Larger risk and case-mix-adjusted studies in neonates undergoing cardiac surgery are needed to further delineate the risks and benefits of preoperative feeding. Stepwise backward elimination logistic regression using a removal probability of .3. Variables eliminated from model included ductal dependent for pulmonary circulation, ductal dependent for systemic circulation, inotropic support, umbilical artery catheter, and single ventricle physiology. 
